Optoelectronic properties of Si nanocrystals (SiNCs) were studied by combining scanning tunneling spectroscopy (STS) and optical measurements. The photoluminescence (PL) of phenylacetylene functionalized SiNCs red shifts relative to hexyl-and phenylcapped counterparts, whereas the absorption spectra and the band gaps extracted from STS are similar for all surface groups.
Optoelectronic properties of Si nanocrystals (SiNCs) were studied by combining scanning tunneling spectroscopy (STS) and optical measurements. The photoluminescence (PL) of phenylacetylene functionalized SiNCs red shifts relative to hexyl-and phenylcapped counterparts, whereas the absorption spectra and the band gaps extracted from STS are similar for all surface groups.
However, an in-gap state near the conduction band edge was detected by STS only for the phenylacetylene terminated SiNCs, which can account for the PL shift via relaxation across this state.
Silicon nanocrystals (SiNCs) have gained significant interest in recent years due to their intriguing properties that are not exhibited by their bulk counterparts. When the dimensions of SiNCs are reduced below the Bohr radius of an exciton in Si (∼4.5 nm), 1 they photolumience at energies that are tunable by defining the SiNC size 2-4 and surface functionalization. [5] [6] [7] [8] This, in combination with their low toxicity, 9 biocompatibility 10 and elemental abundance of Si, makes SiNCs a promising material for several applications including LEDs, 11 solar cells, 12 sensors 13 and photoluminescent biomarkers. 10 The surface chemistry of SiNCs can have a significant impact on their optoelectronic properties. 5 For instance, SiNC photoluminescence has been tuned across the visible spectrum by changing surface groups (i.e., amine, phosphine, oxide and acetal) without altering the NC size. 14 In this context, controlling surface characteristics via surface functionalization is essential to make SiNCs useful in optoelectronic applications by preserving and/or controlling their properties.
Recently, we presented the surface functionalization of hydride terminated SiNCs with organolithium reagents. 15 This method offers, for the first time, the opportunity to bind aryl and alkynyl groups, such as phenyl and phenylacetylene, directly to the hydride terminated SiNC surface while ensuring monolayer coverage. Subsequent to the functionalization, we observed that SiNC PL was influenced by the surface group identity. For phenylacetylene functionalized SiNCs, the PL maximum red-shifted to ∼735 nm, compared to hexyl and phenyl functionalized SiNCs which emitted at ∼685 nm ( Fig. 1) . 15, 16 Elucidating the mechanism leading to this phenomenon is of great interest because it may provide insights into the influence of conjugated surface groups on SiNC electronic structures and optoelectronic properties.
In this work, we present a detailed analysis of the optoelectronic properties of hexyl, phenyl and phenylacetylene functionalized SiNCs with an attempt to explain the PL redshift observed with phenylacetylene surface groups by utilizing PL and UV-Vis spectroscopy, excited state lifetime measurements and scanning tunneling microscopy/spectroscopy (STM/ STS). STS results show that the band gap of the SiNCs is nearly independent of these three surface groups studied. However, for SiNCs functionalized with phenylacetylene, the tunneling spectra reveal the formation of an in-gap state close to the conduction band edge of SiNCs. The PL shift to a lower energy can be attributed to a transition via this in-gap state, which reduces the apparent band gap for recombination. To the best of our knowledge, this is the first time that an in-gap state, intentionally introduced via surface functionalization, has been observed by STS for SiNCs.
The SiNCs used in this work were synthesized by thermolysis of hydrogen silsesquioxane (HSQ) at 1100°C for 1 hour under an atmosphere consisting of 5% hydrogen and 95% nitrogen. 17 This procedure yields SiNCs in a silica-like matrix.
Freestanding, hydride terminated SiNCs are obtained by etching the composite with ethanolic HF and final extraction into toluene. Surface functionalization was performed by dispersing SiNCs, freshly etched from a 300 mg Si/SiO 2 composite, in 2 mL 0.1 M solution of the organolithium reagent in toluene and stirring overnight at room temperature. The reaction was quenched upon addition of an acidified methanol-ethanol mixture, and the functionalized SiNCs were further purified by two antisolvent precipitation-dispersion steps.
FT-IR spectroscopy was utilized to confirm the surface functionalization. The freshly etched, hydride terminated SiNCs showed only Si-H bands in the IR spectrum at 2100, 906, and 660 cm −1 , without any indication of oxidation ( Fig. 2A ). For the SiNCs functionalized with n-hexyllithium, strong C-H and C-C stretching bands appeared at ca. 2900 and 1450 cm −1 , respectively ( The PL spectra show that both hexyl and phenyl functionalized SiNCs emit at around 685 nm. However, when the SiNCs are functionalized with phenylacetylene, the PL maximum redshifts to 735 nm, (Fig. 3) despite the particle size remaining constant.
The influence of surface-bonded molecules on the optical properties of SiNCs is a complex issue. Surface groups can modify the optical transitions of NCs by introducing additional surface states and defects. 14, 18 In general, size dependent, red/NIR PL emission accompanied by an excited life-time in the range of microseconds, dominantly originates from quantum confined band gap emission. 19 In our study, observed PL decay curves (ESI Fig. S1 †) were strongly non-exponential. The decay traces were fit with a log-normal lifetime distribution, 20 which is applicable for ensembles of SiNCs. 21 From the fitting parameters, we extracted a mean lifetime of 89.6, 79.7, and 102.1 μs for the hexyl, phenyl and phenylacetylene functionalized SiNCs, respectively. Since red PL, together with μs excited-state lifetime was observed, the PL is considered to be through a band gap transition. 7, 19 In several reports, shifts in PL emission maxima of SiNCs induced by different surface groups were observed together with changes in UV-Vis absorption. 6, 18 In the present work, even though the PL wavelength of phenylacetylene functionalized SiNCs appears at a lower energy, the absorption spectra obtained for hexyl, phenyl and phenylacetylene did not show any significant difference in the absorption edge (Fig. 4) . This, as well as direct evaluation (TEM and STM) of the NC size (vide infra) rule out the possibility that the difference in PL spectra arises from an effective reduction of the SiNC diameter upon treatment with phenyllithium or hexyllithium reagents or to a different dielectric confinement effect 22 in phenylacetylene functionalized SiNCs. If this was the case, these effects should contribute equally to the PL and absorption spectra leading to changes in both. Difficulties associated with interpreting the optical spectroscopy data (PL and absorption) measured on SiNCs and relating them to the intrinsic level electronic structure are 
common.
3,23,24 These challenges primarily stem from the fact that optical measurements alone cannot unambiguously determine the initial and final states associated with the excitation/ recombination transitions. In particular, the influence of the surface groups on PL emission and the electronic structure of SiNCs cannot be deduced by optical spectroscopy. Clearly, complementary methods are required if the origin of the PL red-shift seen for the phenylacetylene functionalized SiNCs is to be elucidated. STM/STS is one of the most effective tools for studying the electronic structure/properties of single colloidal semiconductor NCs.
3, 25 The main advantage of this approach over optical methods is STS provides information regarding the electronic density of states (DOS) by mapping the conduction band (CB) and valence band (VB) states independently. Therefore the single-particle (rather than excitonic) band gap can be evaluated directly. 26 In addition, and most significant for our present work, the tunneling spectra can reveal in-gap states associated with either surface or NC-bulk defects. 27, 28 Such states are usually not observed in absorption measurements due to their very small absorption cross-sections. STM images and a topographic cross-section taken on one of the isolated hexyl functionalized SiNCs, whose electronic structure was examined, are shown in Fig. 5A and B. All images were acquired with a set bias of 2.2 eV (well above the CB edge where the DOS of the SiNC is appreciable) and a set current of 0.2 nA. Under these conditions, the cross-section height corresponds well to the diameter of the SiNC, yielding in this case (and all other SiNCs presented here) a mean size of ∼3 nm. Further experimental details regarding the STM-STS measurements are given in the ESI. † TEM images of SiNCs functionalized with n-hexyllithium also reveal the average diameter of SiNCs around 3 nm (Fig. 5C ). In the HR-TEM image, crystal lattice fringes are clearly seen (Fig. 5D) .
Tunneling spectra measured on isolated SiNCs are shown for all three different surface functionalities together with the corresponding STM topography images and cross-sections in the insets (Fig. 6) . Band gaps are deduced directly from the STS data from the energy difference between the VB and CB edges. For each band, the edge is defined here as the midvalue between the position of the first peak (or shoulder) and the onset of detectable DOS. 29 This method affords band gaps of hexyl and phenyl functionalized SiNCs of 2.1 ± 0.1 eV. Note that the band gap values obtained by STS are larger than exciton band gaps determined by PL maxima (685 nm = 1.81 eV.) The reason for that is predominantly three-fold. First, the electron-hole Coulomb interaction that is incorporated in the optical (excitonic) gap does not play a role in the fundamental single-particle gap measured by STS. 26, 30 Second, the tunneling spectra are measured in the double-barrier tunnel junction configuration and thus the apparent gap is broadened due to the effect of voltage division between the two tunnel barriers involved; the tip-SiNC and the SiNC-substrate junctions. 26 Third, the polarization energy associated with electron tunneling through the SiNC also contributed to the widening of the measured gap. 31 We note that the STS-extracted gaps found here are somewhat larger than those reported in ref.
3. This may be due to the different ligands used here, which may affect the latter two factors. In the case of phenylacetylene functionalized SiNCs, the band gap is still in the range 2.1 ± 0.1 eV, in spite of the redshifted PL. However, an in-gap state close to the CB-edge of the SiNCs is clearly observed in their tunneling spectra (Fig. 6C) . This observation was very robust and detected in every measurement acquired for these NCs. The separation of the in-gap state from the CB-edge varied between 140 meV (red and green curves in Fig. 6C ) and 190 meV (blue curve), where most spectra showed ∼160 meV separation. These values are in the range of, yet somewhat larger than, the PL red-shift (∼130 meV). The slight enlargement may be due to the afore- Fig. 4 UV-Vis spectra of SiNCs functionalized with n-hexyllithium (red), phenyllithium (black) and lithium phenylacetylide (blue). Absorption is normalized at 300 nm. mentioned voltage division effect. After observing the in-gap state introduced by the phenylacetylene surface groups, along with the independence of the STS gap on surface functionalization, we suggest that the shift of PL to lower energy can be accounted for by a transition across this state, which reduces the apparent band gap for recombination. Direct covalent bonding of a π-conjugated molecule to a silicon atom can efficiently reduce its HOMO-LUMO gap because of the σ*-π* conjugation between the Si core and the bonded conjugated molecule. 32 The formation of states near band edges was theoretically expected to be the reason for the narrowing of the band gap. 33 Such a conjugation between the Si core and the surface bound conjugated molecule can enhance the optical absorption of SiNCs at longer wavelengths which is highly desired for light harvesting applications. In contrast, no change in UV-Vis absorption was observed in the present system; this may result from the comparatively short conjugation length of phenylacetylene, and the corresponding small cross-section for photon absorption through these states. The effect of different conjugated surface groups with varied conjugation lengths on the optoelectronic properties and light harvesting efficiencies of SiNCs is under investigation.
Conclusions
In summary, we utilized STM/STS in combination with optical measurements to study the optoelectronic properties of hexyl, phenyl and phenylacetylene functionalized Si-NCs. PL emission of phenylacetylene functionalized SiNCs red-shifts for around 50 nm relative to hexyl-and phenyl-capped Si-NCs. No significant difference was observed in the band gaps deduced from STS and UV-Vis absorption measurements on Si-NCs terminated with these three different surface groups. However, for phenylacetylene functionalized SiNCs, the tunneling spectra revealed an in-gap state close to the CB edge. The lowering in PL emission energy can be attributed to a transition across this state, which reduces the apparent band gap for the recombination process. These results expand the understanding of the influence of the surface groups on the electronic structure of SiNCs and can lead to the control of the properties utilized in optoelectronic devices. The insets show some of the NCs and the corresponding cross-section on which the spectra were acquired. The extracted band gaps of the SiNCs are all around 2.1 eV, except for the green curve in (C) which was measured on the smaller, rightmost, NC. Importantly, the spectra measured on the phenylacetylene-capped SiNCs (in C) exhibit in-gap states close to the CB-edge.
